Abstract: This paper addresses the optimization of continuous bioconversion process of glycerol to 1, 
Introduction
1,3-propanediol (1,3-PD) has a wide range of potential applications on a large commercial scale [1, 11, 20, 26] . Among all kinds of microbial production of 1,3-PD, bioconversion of glycerol to 1,3-PD has been studied extensively since 1980s due to its relatively high yield and productivity [9, 11, 15, 20, 27] . In recent years, much research has been made to improve the bioconversion process of glycerol [4-6, 8, 9, 11, 15-17, 19, 20-28] . For example, research on the quantitative description of the cell growth kinetics of multiple inhibitions by substrate and products, product formation in continuous culture has been made [22, 26, 27] . The methods of conversion of glycerol into 1,3-PD were reviewed and discussed in [11] . The 1,3-PD production directly from carbon dioxide was achieved by engineered Synechococcus elongatus PCC 7942 with a synthetic metabolic pathway in [8] . Wang et al. presented a nonlinear impulsive system for glycerol bioconversion to 1,3-PD in fed-batch cultures based on the dynamical system of batch cultures [19] . Yuan et al. reported the robust identification of enzymatic nonlinear dynamical systems for 1,3-PD transport mechanisms in microbial batch culture [25] . Xiu et al. investigated the optimal conditions of batch and continuous glycerol bioconversion by Klebsiella pneumoniae using the volumetric productivity of 1,3-PD as an optimization objective based on a five-dimensional nonlinear system that takes into account the growth kinetics of multiple inhibitions and the metabolic overflow of substrate consumption and product formation [20] . Xu designed a H∞ controller for bioconversion process of glycerol to 1,3-PD through the H∞ mixed sensitivity method [23] . Zhu et al. presented a μ robust technique to control the continuous bioconversion process of glycerol to 1,3-PD [28] . Sun et al. set up an eight-dimensional nonlinear system that considers enzyme-catalytic reductive pathway and transport of glycerol and 1,3-PD across cell membrane [16] . A fourteen-dimensional nonlinear dynamic system was proposed 200 to represent the continuous and batch fermentations of glycerol to 1,3-PD by Klebsiella pneumoniae, in which the enzyme-catalytic kinetics on the reductive pathway, the transport of glycerol and diffusion of 1,3-PD across cell membrane, and the inhibition of 3-hydroxypropionaldehyde (3-HPA) to glycerol dehydratase (GDHt) and 1,3-propanediol oxidoreductase (PDOR) are all taken into consideration [17] . But the optimization for this complex bioprocess involving gene regulation and enzyme catabolism has not yet been addressed.
The aim of this paper is to deal with the optimization of continuous bioconversion process of glycerol to 1,3-PD by maximizing the production rate of 1,3-PD. In the following, we first describe the continuous bioconversion of glycerol to 1,3-PD by Klebsiella pneumoniae. This is followed by a presentation of nonlinear optimization problem for this bioprocess under steady-state conditions. Then the proposed optimization problem is solved by an interior method. In Section 5, the attained optimization results are presented. Finally, brief conclusions of present work are given.
Continuous bioconversion process of glycerol
In this paper, we use a mathematical model with gene regulation for the dha regulon and enzyme-catalytic kinetics for continuous bioconversion process of glycerol to 1,3-PD by Klebsiella pneumoniae, in which the expression of gene-mRNA-enzyme-product, the active transport of glycerol and (passive) diffusion of 1,3-PD across the cell membrane, and the inhibition of GDHt and PDOR by 3-HPA are taken into consideration [17] . This mathematical model accounting for the main substances under anaerobic conditions at 37 °C and pH 7.0 is written as follows:
HAc HAc represents the specific formation rate of product ethanol, mmol/(g·h);  denotes the cell membrane thickness, mm;
B is the surface area of per biomass, mm 2 /g; f D represents the diffusion coefficient of glycerol, L/(mm·h); and the definitions of the remain parameters used in (1)- (21) and their values are listed in Table 1 [17] . The expression for the specific formation rate of ethanol as shown in (21) is drawn from [20, 21] .
To transform Eqs. (1)- (6) into the corresponding simple forms the following transformations are carried out:
By substituting these transformations into Eqs. (1)- (6) we obtain the following forms:
where the new parameters (23), (26) and (27) 
subject to satisfying: 
Obviously, the problem (28)- (58) is a nonconvex nonlinear programming with complex constraints. In this optimization problem, equality constraints (29)- (42) 
Solution method
There are several techniques to solve a bioprocess optimization problem [7, 10, [12] [13] [14] . In this work, we will use an interior point method [2, 3, 18] to efficiently solve the proposed nonlinear optimization problem (28)- (58). This approach replaces the optimization problem (28)- (58) by a sequence of barrier subproblems.
We first rewrite the problem (28) 
Then grounded on the similar thought of [18] , we can replace the optimization problem (59) with a sequence of barrier equality constrained problems of the form: Step 2. At the k-th (k ≥ 1) iteration of the algorithm, solve the barrier problem (60) by using a technique of switching between a line search method that computes steps by factoring the primal-dual equations and a trust region method that uses a conjugate gradient iteration [18] . By default, the algorithm first attempts to take a direct factorization step. If it cannot, it attempts a trust region iteration that guarantees progress toward stationarity is invoked.
Step 3. If the problem (60) is solved to meet the required accuracy, then stop; else, reset the barrier parameter
, set k = k + 1 and go to Step 2.
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Optimization results
In the optimization computation of the problem (28)-(58) we set the initial barrier parameter ) 0 (  of interior point method to be 0.1. The initial values of optimized variables and objective are given in Table 2 . Table 3 shows the optimization result obtained by using the interior point method. In this table, it can be seen that the maximum rate of 1,3-PD production is 114.3005 mmol/(L·h), when the dilution rate D is 0.2857 h -1 and the initial glycerol concentration CSF is 730.7987 mmol/L. We can also conclude that the achieved maximum rate of 1,3-PD production is increased more than 22.86 times its initial value. To check whether the obtained optimal solution meets the equality constraints of the problem (28)-(58), we substitute it into the left side of (29)-(42). Table 4 presents the computed values of equality constraint functions in the problem (28)-(58) at the optimal solution. From this table, it can be seen that the maximum magnitude of equality constraint violation is 1.0×10 -11 , which is close to zero. This concludes that the attained optimal solution has a very good feasibility for the problem (28)-(58). Left side of (30) 4.6×10 -17 Left side of (31) 0 Left side of (32) 0 Left side of (33) 4.4×10 -16 Left side of (34) 2.2×10 -16 Left side of (35) 3.2×10 -16 Left side of (36) -5.7×10 -14 Left side of (37) -1.0×10 -11 Left side of (38) -1.6×10 -15 Left side of (39) -3.0×10 -13 Left side of (40) 4.3×10 -14 Left side of (41) 7.1×10 -15 Left side of (42) 3.6×10 -15
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Conclusion
This paper has addressed the optimization of continuous bioconversion process of glycerol to 1,3-PD. The proposed nonlinear optimization model (28)-(58) can be transformed into a sequence of barrier subproblems that are easy to solve. The maximum rate of 1,3-PD production has been successfully achieved when the dilution rate is 0.2857 h -1 and the initial glycerol concentration is 730.7987 mmol/L. The approximation algorithm used in solving the proposed optimization problem (28)-(58) not only can obtain a maximum rate of 1,3-PD production, but also can yield an optimal operation condition that has a very good feasibility for the problem (28)-(58). This suggests that the interior method is a good choice for dealing with the optimization of continuous bioconversion process of glycerol to 1,3-PD.
